Penfield and Rasmussen's homunculus is the valid map of the neural body representation of nearly each textbook of biology, physiology, and neuroscience. The somatosensory homunculus places the foot representation on the mesial surface of the postcentral gyrus followed by the representations of the lower leg and the thigh in superio-lateral direction. However, this strong homuncular organization contradicts the "dermatomal" organization of spinal nerves. We used somatosensoryevoked magnetic fields and source analysis to study the leg's neural representation in the primary somatosensory cortex (SI). We show that the representation of the back of the thigh is located inferior to the foot's representation in SI whereas the front of the thigh is located laterally to the foot's representation. This observation indicates that the localization of the leg in SI rather follows the dermatomal organization of spinal nerves than the typical map of neighboring body parts as depicted in Penfield and Rasmussen's illustration of the somatosensory homunculus.
Introduction
The front and the back of the leg belong to different dermatomes, that is, to regions each innervated by a specific nerve that enters the spinal cord at a distinct vertebra. For example, the skin on the back of the thigh is innervated by the second sacral spinal nerve. These afferent nerves enter the spinal cord at S-2 whereas the afferent nerves of the skin of the front of the thigh are part of the third lumbal nerve and enter the spinal cord at L-3 (Kahle and Frotscher 2009) . Based on results obtained in the macaque, Werner and Whitsel (1973) showed that the spinal nerves project to the contralateral postcentral gyrus in the same serial order in which they are arranged in the spinal column. Thus, the front of the thigh (dermatome L-3) should be represented superior to the foot (dermatomes L-4, L-5, S-1) and the foot should be represented superior to the back of the thigh (dermatome S-2). Because the cortical representation zone of the foot expands across several millimeters in SI, the front and back of the thigh should be clearly separated and enclose the representation of the foot. Contrary to that suggestion, the somatotopy of Penfield and Rasmussen's (1950) homunculus does not differentiate between the dermatomes on the back (S-2) and the front of the thigh (L-3) but suggests that both dermatomes are functionally represented at the same location in SI.
In order to test these contradictions between Penfield's and Rasmussen's (1950) homuncular organization and the dermatomal organization suggested by Werner and Whitsel (1973) , we electrically stimulated the skin of healthy subjects at 3 different locations of the leg. The locations correspond to 3 different dermatomes (front of the thigh: L-3, foot: S-1, and back of the thigh: S-2, Fig. 1b right) , and 2 different somatotopic regions in SI (foot and thigh, Fig. 1b left) . Thus, a dermatomal sequence would predict neural sources of activity in S-2 being located inferior to sources of S-1 activity as well as activity of sources to L-3 stimulation being located superio-laterally to sources of S-1 stimulation in the human postcentral gyrus (Fig. 1d right) . Contrastingly, a homuncular sequence would predict sources for stimulating the back and the front of the thigh to be located superio-laterally to sources for stimulating the foot (Fig. 1d left) .
Materials and Methods
A total of 18 healthy human subjects (9 male, 17 right-handed [Oldfield 1971 ], 16 right-footed [Elias et al. 1998 ]) took part in the present study. Subjects were on average 25.1 years (SD = 3.44) old, and not affected by any disease or impairment of the legs. The study was approved by the local ethics committee and conducted according to the Declaration of Helsinki. Prior to participation, subjects were informed about the course of the study, the stimuli applied in the experiment, and the right to withdraw from the experiment at any time. Informed consent was obtained from all subjects.
Each subject underwent 2 successive recording sessions of evoked magnetic fields in response to somatosensory stimulation. During each session, stimuli were applied to one position at the right thigh (L-3 or S-2, respectively) and foot (S-1) in random order with the inter-stimulus intervals set between 700 and 1400 ms. In each subject the electrocutaneous stimulation of the leg elicited a clear nonpainful paresthesia (most often reported as light pulsing sensation) most likely activating Aβ-fibers (see also Supplementary Material). Electrocutaneous stimulation was performed with concentric electrodes with a disposable pregelled surface and a diameter of 40 mm (Spes Medica, Genova, Italia). Electrodes were controlled by a Constant Current High Voltage Stimulator (DS7A; Digitimer Hertfordshire, England) that delivered monophasic rectangular pulses of 2 ms length. The stimulus intensity was determined individually to provide a clear and distinctive but nonpainful percept at every stimulation site (on average about 25% below the individual pain threshold). It was assured that the subjective stimulus intensities at thigh and foot were comparable before each recording.
To map the neural source of each stimulated body representation selectively in SI, we employed a 306-channel Neuromag Vectorview whole-head MEG system (Elekta Neuromag, Helsinki, Finland, Software Version 2.0) residing in a magnetically shielded room. Source analysis was based on a single equivalent current dipole (ECD) model of the activated neural structures. The coordinate system was defined by 3 landmarks (2× auricular points, 1× nasion) with the x-axis running from left to right, the y-axis from posterior to anterior (nasion), and the z-axis from inferior to superior (top). For each subject, a spherical head model was used (Sens et al. 2012; Blume et al. 2014) . The coordinates of the sphere model were defined using the MEG-MRT integration software (Elekta Neuromag, Software Version 2.0). The location of the sphere was then moved to the source modeling software. It was symmetrically adjusted to the postcentral gyrus in coronary view for each subject.
Dipole locations were tested using Euclidean distances (ED) and considered being significantly different when the ED was larger zero. EDs were calculated between locations of ECDs for L-3 and S-1 and between S-2 and S-1, with
Then, because the lower limb is represented in the mesial wall of the postcentral gyrus, the main difference between dipole locations was tested along the z-axis that is, in inferior-superior direction. It was tested whether the z-coordinate of S-2 is significantly inferior compared with the z-coordinate of S-1. Finally, we tested whether L-3 and S-1 are different in the x-or z-direction with α set to 0.025 for each test (see Supplementary Material.
Results
Results indicated that the locations of ECDs for stimulation of the dermatome L-3 (front of thigh) were spatially separated from ECDs of dermatome S-1 (foot) (mean ED, M ED(L-3, S-1) = 15.9, SE = 1.56, t(16) = 10.19, P = 0.0001, r = 0.93). Similarly, locations of ECDs of dermatome S-2 (back of thigh) were spatially different from ECD locations of dermatome S-1 (foot) (M ED(S-2, S-1) = 18.23, SE = 2.06, t(16) = 8.86, P = 0.0001, r = 0.91). Specifically, locations of ECDs for dermatome S-2 activation were located significantly more inferior than those of dermatome S-1 activation (M Δz-axis = −7.69, SE = 2.87, t(16) = −2.68, P = 0.008, r = 0.38; Figs. 2b, 3 and Table 1 ). The locations of ECDs for dermatome L-3 were not significantly superior to ECDs for dermatome S-1 (M Δz-axis = −2.88, SE = 2.4, t(16) = −1.2, P = 0.12, n.s.). Instead, locations of ECDs for dermatome L-3 were significantly more lateral than ECD locations for dermatome S-1 (M Δx-axis = −4.99, SE = 1.99, t (16) = −2.51, P = 0.01, r = 0.37; Figs. 2b, 3 and Table 1 ). On average, we achieved a spatial resolution that was best for S-1 stimulation with confidence volumes of M CV_S-1 = 83.2 mm³ (SE = 50.14, range: 5.6-874.8) in the L-3/S-1 recording and M CV_S-1 = 118.8 mm³ (SE = 23.11, range = 5.5-399.3) in the S-2/S-1 recording. For thigh stimulation, confidence volumes were bigger with M CV_L-3 = 192.86 mm³ (SE = 35.67, range: 35.9-444.1) and M CV_S-2 = 340.48 mm³ (SE = 59.85, range: 44.3-868.2).
Discussion
The results of the present study show successful activation of SI in the left hemisphere following electrocutaneous stimulation of the right leg in 18 subjects. We obtained spatially distinctive locations of ECDs for each of the 3 stimulation sites. For stimuli applied to the front of the thigh, we found a representation that is located lateral to the representation of the foot. This is in line with a dermatomal sequence and the somatotopy of the somatosensory homunculus. The finding that S-2 (back of thigh) is situated inferior to dermatome S-1 (foot) is in line with the principle that the spinal nerves project to the contralateral postcentral gyrus in the same serial order in which they are arranged in the spinal column (Werner and Whitsel 1973) . This points toward a dermatomal sequence of functional limb representation in SI. The finding contradicts a strong somatotopical homuncular representation of the lower limb, where the thigh is only represented superio-lateral to the representation of the foot (Penfield and Rasmussen 1950) . Overall, we suggest that these observations rather correspond to a dermatomal than to a homuncular organization of the leg's representation in the primary somatosensory cortex.
Our study thus extends the findings of Werner and Whitsel (1973) in animals to humans. As far as we know, this is the first study on the issue whether the cortical map of the limbs follows a dermatomal or a somatotopical sequence in humans. The findings are in line with other studies that argue for a revision of the somatosensory homunculus for example in terms of the representation of differences between the female body and the male body in the brain (Di Noto et al. 2013) . The findings of this study are also in line with other studies that investigated the spatial organization of the lower limb. Nakamura et al. (1998) investigated whether the leg stimulation follows the homunculus. They did not differentiate the back and the front of the thigh so that their results are compatible with a homuncular and a dermatomal organization. Other studies investigating the ECDs for peroneal or tibial nerve stimulation (Hari et al. 1993; Kakigi et al. 2000) are compatible with both models as well. Additionally, there are some studies that tested whether SI is dermatomally organized but always in a way that was reconcilable with the homunculus (Hunjan et al. 1981; Itomi et al. 2000; Castillo and Papanicolaou 2005) . To our knowledge, there is no study that compares a dermatomal organization with a somatotopical organization of SI for the lower limb in a decisive way.
We are convinced that the results of Penfield et al. are well compatible with a dermatomal model because of 4 arguments. 1) The area in the parasagittal zone is hard to study. Penfield and Boldrey (1937) already acknowledged: "Doubtless more responses would have been obtained had it been feasible to stimulate the edge of the hemisphere and the mesial surface in the median longitudinal fissure more frequently. The danger of bleeding from sinus and tributary veins makes it unwise to stimulate here unless it is clearly necessary" (p. 416). In fact, Penfield and Boldrey (1937) reported only 5 postcentral stimulations on the mesial surface in the longitudinal fissure with sensations of tingling and numbness. For the second series of patients, Penfield and Rasmussen (1950) reported sensations in the leg for 69 stimulations but there were only 10 patients in whom responses were observed at the mesial surface of the hemisphere.
2) The sensations were not described in detail; therefore, the descriptions of the patients' sensations do not allow a distinction of preaxial versus postaxial sensations. 2.00 −17.00 −4.10 n/a n/a n/a n/a 18 n/a n/a n/a −0.90 −19.50 0.10 n/a
Δx is x-difference relative to S-1 in mm, x-axis is from left to right; Δy is y-difference relative to S-1 in mm, y-axis points toward nasion; Δz is z-difference relative to S-1 in mm, z-axis is from inferior to superior; D is S-2 rather speaks for dermatomal sequence; H is S-2 rather speaks for homuncular sequence of limb representation; n/a is not applicable. 3) Penfield and Rasmussen (1950) broadened the homunculus from 1937 by adding a representation of the genitalia posterior to the foot representations which is inconsistent to a somatotopical sequence of the homunculus but which would also be consistent with a dermatomal sequence, as the genitalia belong to the dermatome S-2. The detailed remarks of Penfield about eliciting sensations in the leg, the foot, the genitalia, the buttocks, and the rectum by stimulating the mesial wall of the paracentral lobe are in line with a dermatomal model as well. 4) Penfield and Rasmussen (1950) were aware of a possible dermatomal organization of the legs in the primary somatosensory cortex with the thigh being divided into a preaxial portion innervated by the L-1, L-2, and L-3 segments and a postaxial portion innervated by the S-1 and S-2 segments. So far they had found no evidence to indicate such a separation of preaxial and postaxial limb areas in humans such as the 10 patients in whom responses were elicited from the mesial surface of the hemisphere. There was no instance in which stimulation of an area located between the foot and toe area and the gyrus cinguli elicited any leg sensations. However, they noted: "The inferior buried border of the paracentral lobule has not yet been successfully stimulated, however, and it may be possible that the lower sacral segments (postaxial leg and genitalia) are represented here, as is so in the monkey" (Penfield and Rasmussen, 1950, p. 28) . In summary, we think that the findings of this study well broaden Penfield's findings. Magnetoencephalography, as it was done in this study, is sensitive to measure the buried border of the paracentral lobe, which Penfield could not successfully stimulate and therefore adds some important extensions to the results of electrostimulation used by Penfield. Penfield et al. used small squares of paper, which were placed upon the brain at the point of a positive response to electrostimulation to indicate the positions while the answer of the patient for each position was documented by a stenographer. Additionally, the paper positions were sketched on a brain chart, which showed a 3D view of the right hemisphere (Penfield and Boldrey, 1937) . The spatial resolution that is achieved with the MEG-setup can be estimated by the confidence volumes of the ECDs, which were aimed to be below 1000 mm³. The confidence volumes obtained in the present study suggest a better spatial resolution for the foot stimulation than for the thigh stimulations. This is in accordance with findings that the representation area of the foot is larger than the representation area of the thigh. Using a clear somatosensory stimulation at a certain body location as done in this study provides a chance to estimate the spatial organization of cortical somatosensory responses.
We have investigated the SI map of lumbosacral tactile dermatomes. While the evidence for the distribution of lumbosacral dermatomes is better than that for cervical dermatomes, adjacent dermatomes (like S-1 and S-2) might overlap to a certain extent at the back of the thigh (Lee et al. 2008) . We have tried to place the stimulation electrode for S-2 stimulation so that stimulation was performed in the middle of dermatome according to different sources (Lee et al. 2008; Kahle and Frotscher 2009 ) thereby reducing the chance of dermatomal overlap. Our results demonstrate that the stimulation at the chosen skin areas for dermatomes S-1 (foot) and S-2 (back of thigh) resulted in cortical activity from clearly distinguishable dipoles in most subjects. To maximize the chance of stimulating the correct dermatome at the thigh, we aimed at placing the stimulation electrodes for thigh stimulation in the middle of the areas, for which L-3 or S-2 are well-documented (Lee et al. 2008; Kahle and Frotscher 2009 ). However, according to the literature, there is a variation in the distribution of specific dermatomes between individuals by up to half a dermatome especially proximally on the limbs. It cannot be ruled out that stimulating 2 separate dermatomes at the thigh (L-3 and S-2) was not achieved in each certain case. The main results support that a stimulation of the intended dermatomes was achieved overall. Nevertheless, the variability of dermatomes represents a source of uncertainty and a limitation.
Our study included young and healthy subjects, which extends the findings of Penfield to neurologically healthy humans. It remains to be investigated whether these findings also apply to older subjects and/or to pathological conditions. This is important as cortical representations can reorganize after excessive use or injury (Merzenich et al. 1983; Jenkins et al. 1990; Pons et al. 1991; Recanzone et al. 1992; Yang et al. 1993; Flor et al. 1995; Weiss et al. 1998; Blume et al. 2014 ). Furthermore, a dermatomal organization of the leg representation in SI offers new approaches to understand cortical reorganization after amputation (Flor et al. 2006) for the lower limb.
